Introduction
============

Fragility fractures are being increasingly recognized as an important complication of both type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM), and are associated with excessive morbidity, mortality and health-care costs [@B1]. The extensive prospective Nurses\' Health Study revealed that the incidence of hip fractures in T1DM patients is 2.5-fold higher than that in the T2DM population, and 6-fold higher than that in the general population [@B2]. There is also a moderate increase in the number of fractures of the spine, distal forearm and proximal humerus in diabetic populations [@B3]. The pathophysiological mechanisms underlying bone fragility and increased risk of fragility fractures in diabetes mellitus (DM) are complex and not completely understood [@B4]. Some of these mechanisms can potentially alter the fate of mesenchymal progenitors, the initial precursor and major source of osteoblasts, leading to impaired osteogenic differentiation, compromised matrix mineralization, and thus reduced bone strength [@B5]. Therefore, understanding the diabetes-bone association and studying the process of cell fate determination of mesenchymal progenitors in the diabetic microenvironment is critical for improving bone fragility and decreasing the risk of fragility fractures in patients with DM.

Various signaling factors have been implicated in the regulation of maintenance and expansion of mesenchymal progenitors, including those from the Notch signaling pathway [@B6]. Notch signaling is an important pathway in that it regulates cell-to-cell signal transduction, which plays an essential role in skeletal remodeling [@B7]. Notch signaling requires cell-cell contact, and is initiated when the Notch ligands bind to the Notch receptors expressed on the surface of a neighboring cell, then the Notch intracellular domain (NICD) is cleaved and released, followed by its translocation from the cell membrane to the nucleus. In the nucleus, the NICD interacts with the transcriptional regulator of the CSL family to regulate downstream target genes [@B8]. A study, shows that, NICD overexpression prevents the biological effects of BMP-2 and Wnt by suppressing Wnt but not BMP signaling [@B9], however, others showed that Notch signaling promotes osteogenic differentiation of mesenchymal progenitors by enhancing BMP signaling [@B10], whereas, inhibition of Notch signaling impaired BMP2-induced osteoblast differentiation [@B11]. Besides, Notch1 and Notch2 proteins may function differently and even in reverse manners in the same cell type [@B12]. Therefore, further studies are necessary to delineate the relationship between Notch and the other signaling pathways under physiological or pathological conditions.

In the present study, we evaluated the effects of diabetes on osteoblastogenesis of mesenchymal progenitors. To address this issue, we investigated the effects of *in vivo* hyperglycemia, increased glucose or normal glucose levels *in vitro*, and high osmotic treatments on cellular proliferation, osteogenic differentiation, and matrix mineralization of mesenchymal progenitors. We also assessed the relationship between the Notch expression and osteogenic differentiation in response to treatment with different concentrations of glucose and advanced glycation end product (AGE).

Materials and methods
=====================

Animals and streptozotocin (STZ)-induced diabetic models
--------------------------------------------------------

Seven-week-old male Sprague-Dawley (SD) rats were purchased from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan), and were housed under environmentally controlled conditions with ad libitum access to standard laboratory chow. The Institutional Animal Care and Use Committee (IACUC) of Chang Gung Memorial Hospital approved the animal use protocol, and all animal experiments followed the Animal Protection Law by the Council of Agriculture, Executive Yuan, ROC, and were performed according to the guidelines for the Care and Use of Laboratory Animals as promulgated by the Institute of Laboratory Animal Resources, National Research Council, USA.

Diabetes was induced in SD rats with a single intraperitoneal (IP) administration of STZ (65 mg/kg of body weight) diluted in citrate buffer (0.01 M, pH = 4.3). Control animals received the buffer alone. Animals were given food and water ad libitum and their body weights were continuously monitored. Blood glucose levels were evaluated at regular intervals using a glucometer (Accu-Check, Roche Diagnostics, Basel, Switzerland), and rats with blood glucose level \> 250 mg/dL were considered to be diabetic. Glycated hemoglobin (HbA1c) levels were concomitantly evaluated using the ARKRAY Automatic Glycohemoglobin Analyzer ADAMS A1c (ARKRAY Factory Inc., Shiga, Japan).

Isolation of primary rat bone marrow MSCs (BMSCs)
-------------------------------------------------

We isolated primary rat bone marrow by cutting both ends of the femur and tibia, and flushing the bone marrow with Dulbecco\'s modified Eagle\'s medium (DMEM, Life Technologies Inc., Gaithersburg, MD, USA). After flushing the bone marrow, we filtered the cell suspension through a 70 µm filter to obtain a single cell suspension. Then, we lysed the RBCs using ammonium chloride (at a 9:1 ratio) for 10 min on ice. After lysing RBCs, we removed ammonium chloride by centrifugation and washing the cell pellet once with culture medium. We then plated the BMSCs isolated from the rats into a T75 flask. The first change of medium was performed less than 72 h after plating the cells in the flask.

Cell lines and cell cultures
----------------------------

Rat bone marrow mesenchymal stem cells (RMSC-bm) were obtained from ScienCell Research Laboratory (Carlsbad, CA, USA) and grown in DMEM supplemented with 10% fetal bovine serum (FBS; Life Technologies Inc.) and 1% penicillin/streptomycin at 37 **°**C in a 5% CO~2~ humidified incubator. The culture medium was exchanged with a medium that was identical except that it contained only 0.5% FBS, and the cells were further incubated for 24 h before treatment with high glucose or normal glucose but high osmotic conditioned media.

Preparation of high glucose and normal glucose but high osmotic conditioned media
---------------------------------------------------------------------------------

To prepare high glucose conditioned media, we supplemented DMEM (5.5 mM of glucose) with additional glucose at 4 final concentrations of 5.5, 15, 25, and 35 mM of glucose. To prepare normal glucose but high osmotic conditioned media, we supplemented DMEM (5.5 mM of glucose) with 0, 9.5, 19.5, and 29.5 mM of mannitol, respectively. AGE was purchased from BioVision (Glucose AGE-BSA-II, BioVision Inc., Milpitas, CA, USA). For osteogenic differentiation, cells were cultivated in 6-well plates until 80% confluence and then incubated in the medium containing ascorbate, ß-glycerophosphoate, and dexamethasone (Sigma-Aldrich GmbH, Schnelldorf, Germany).

Analysis of cell proliferation
------------------------------

Cell proliferation was analyzed using XTT assays (Biological Industries, Kibbutz Beit-Haemek, Israel), for which the cells were plated in 96-well plates and allowed to adhere for 24 h. Culture medium was changed every 3 days. An ELISA plate reader (Thermo Labsystems Multiskan RC, Vantaa, Finland) was used to measure absorbance of samples at a wavelength of 490 nm.

Western blotting
----------------

Cultured/treated cells were lysed with the lysis buffer containing protease and phosphatase inhibitors (phenylmethylsulfonylfluoride, aprotinin, and sodium orthovanadate). Total protein from the cell lysate (100 µg of protein) was separated using SDS-PAGE (using a 10% running, and 4% stacking polyacrylamide gel) and separated proteins were transferred onto a nitrocellulose membrane (Immobilon P; 0.45-µm pore size). The blot was then treated with the indicated antibodies. Chemiluminescent bands were detected by using the Western-Light chemiluminescent detection system (Applied Biosystems). COL1 and ALP expression levels were normalized with those of ß-actin internal control from the same sample.

ARS quantification assay
------------------------

We used Alizarin Red-S (ARS) staining to study the effects of high glucose treatment on matrix mineralization. After treatment for 14 days, culture medium was removed and the cells were fixed with 70% ice-cold ethanol (v/v) for 10 min and rinsed thoroughly with distilled water. Cultures were then stained with 40 mM ARS in deionized water (pH 4.2) for 10 min at room temperature. After removing the ARS solution by aspiration, cells were rinsed with fresh PBS and dried at room temperature. ARS concentrations were then calculated by comparison using an ARS dye standard curve and expressed as nM/mL.

Statistical analysis
--------------------

Results were expressed as means ± SEM. One-way analysis of variance (ANOVA) with Scheffe\'s post hoc test was performed and Spearman\'s rank correlation coefficient (r~s~) was calculated using SPSS v13.0 (SPSS, Chicago, IL, USA). *P* \< 0.05 was considered as statistically significant.

Results
=======

Effects of *in vivo* hyperglycemia on cell proliferation, osteogenic differentiation and matrix mineralization of primary rat BMSCs
-----------------------------------------------------------------------------------------------------------------------------------

Administration of STZ successfully induced diabetes in all rats, as revealed by increased mean blood glucose at the time of sacrifice (349.3 ± 16.1 mg/dL *vs.* 101.8 ± 3.9 mg/dL in control rats, *P* \< 0.001) (Fig. [1](#F1){ref-type="fig"}A). HbA1c levels were elevated accordingly (9.18 ± 0.12% *vs.* 4.20 ± 0.09%, respectively, *P* \< 0.001) (Fig. [1](#F1){ref-type="fig"}B).

To determine whether *in vivo* hyperglycemia impairs survival and functions of mesenchymal progenitors, we harvested primary BMSCs from control and STZ-induced diabetic rats. As determined using the XTT assay, our data revealed that primary BMSCs from the STZ-induced diabetic rats had a higher proliferation rate than that of BMSCs from the control rats (1.54 fold on day 7, *P* \< 0.05) (Fig. [1](#F1){ref-type="fig"}C). On the other hand, these cells showed decreased osteogenic differentiation and matrix mineralization, as seen using western blotting (31% and 42% decrease in COL1 and ALP expression, respectively, *P* \< 0.05 for both) (Fig. [1](#F1){ref-type="fig"}D) and ARS staining quantification assay (0.35 ± 0.03 *vs.* 0.41 ± 0.01, *P* = 0.121) (Fig. [1](#F1){ref-type="fig"}E). These results suggest that*in vivo* hyperglycemia in STZ-induced diabetic rats is associated with an increased proliferation rate but decreased osteogenic differentiation and matrix mineralization of their mesenchymal progenitors.

Effects of different concentrations of glucose on osteogenic differentiation and matrix mineralization of RMSC-bm cells
-----------------------------------------------------------------------------------------------------------------------

To examine the effects of different concentrations of glucose on osteogenic differentiation and matrix mineralization, we used RMSC-bm cells in culture as a model system. As determined using western blotting, high glucose (25 nM/L) treatment for 7 days inhibited expression of both COL1 and ALP (27% and 36% decrease, respectively, *P* \< 0.05 for both) (Fig. [2](#F2){ref-type="fig"}A). As determined using the ARS staining quantification assay, high glucose treatment for 14 days induced dose-dependent inhibition of calcium deposition (*P* \< 0.05) (Fig. [2](#F2){ref-type="fig"}B). These results suggested that high glucose treatment could lead to a deleterious impact on osteogenic differentiation and matrix mineralization of mesenchymal progenitors.

Effects of the osmotic effect of glucose on osteogenic differentiation of RMSC-bm cells
---------------------------------------------------------------------------------------

To determine the role of osmotic effect of glucose in osteogenic differentiation, we cultured RMSC-bm cells in different concentrations of high glucose and normal glucose but high osmotic conditioned media. As determined using western blotting, our data revealed that there were no significant differences in either COL1 or ALP expression among treatments with different concentrations of normal glucose but high osmotic conditioned media. On the contrary, high glucose treatment for 7 days induced dose-dependent inhibition of COL1 and ALP expression in RMSC-bm cells (Fig. [3](#F3){ref-type="fig"}). These results suggest that the deleterious effects of high glucose treatment on osteogenic differentiation could not be ascribed to the osmotic effect of glucose.

Effects of different concentrations of glucose and AGE on Notch expression and osteogenic differentiation of RMSC-bm cells
--------------------------------------------------------------------------------------------------------------------------

Because of the recent insights into the role of Notch signaling in regulating bone physiology and in causing human bone diseases [@B7], we examined the relationship between Notch expression and high glucose-induced inhibition of osteogenic differentiation. As determined using western blotting, our data revealed that high glucose treatment for both 2 and 7 days would induce dose-dependent increase in Notch2 expression in RMSC-bm cells. However, there were no significant differences in Notch1 expression among treatments with different concentrations of glucose. Meanwhile, Notch2 expression levels showed a moderate to strong negative association with corresponding ALP expression levels (r~s~ = -0.674, *P* \< 0.05) in response to treatments with different concentrations of glucose (Fig. [4](#F4){ref-type="fig"}A). We further investigated the effects of different concentrations of AGE on Notch expression and osteogenic differentiation of RMSC-bm cells as the gradual increase or accumulation of AGE is considered to be an important cause of diabetic complications. Our data revealed that AGE treatment results in non-significant changes of Notch2 and ALP expression. Besides, Notch2 expression levels did not indicate an association with the corresponding ALP expression levels (r~s~ = 0.487, *P* = 0.11) in response to treatments with different concentrations of AGE (Fig. [4](#F4){ref-type="fig"}B). These results suggest that activation of the Notch2 signaling pathway might play a role in high glucose-induced inhibition of osteoblastogenesis of mesenchymal progenitors.

Discussion
==========

This study suggests the potential mechanism underlying the effects of diabetes on osteoblastogenesis of mesenchymal progenitors. Our findings revealed that *in vivo* hyperglycemia in STZ-induced diabetic rats is associated with an increased cell proliferation rate; however, shows decreased osteogenic differentiation of primary BMSCs. High glucose treatment presents a dose-dependently inhibitory effect on osteogenic differentiation and matrix mineralization of RMSC-bm cells. The deleterious effects of high glucose treatment on osteogenic differentiation could not be ascribed to the osmotic effect of glucose. On the other hand, activation of the Notch2, instead of the Notch1, signaling pathway might play a critical role in high glucose-induced suppression of osteoblastogenesis and subsequent compromised osteogenic differentiation and reduced matrix mineralization. Our findings provide insights into the molecular mechanisms by which DM affects cell fate determination of mesenchymal progenitors. Given that Notch signaling affects cell fate decision of BMSCs and that the effects are dependent on the cellular context, it may be critical to develop therapeutic options that can preferentially target the osteoblastic lineage cells of diabetic patients with bone fragility and related fragility fractures.

DM is characterized by hyperglycemia. Some*in vitro* studies have indicated that hyperglycemia can be toxic to osteoblasts [@B4]. Botolin et al. have shown that hyperglycemia and its associated hyperosmolality suppress expression of genes involved in osteoblast maturation [@B13]. Cunha et al. further demonstrated that MC3T3-E1 osteoblasts respond to high extracellular glucose concentrations through an osmotic response pathway that results in modulation of ALP and OCN expression and uptake of calcium by osteoblasts in culture [@B14]. Contrastingly, mesenchymal progenitors are more resistant to the toxicity caused by hyperglycemia than osteoblasts, depending on the stemness of mesenchymal progenitors [@B15]. This is supported by our findings that primary BMSCs from the STZ-induced diabetic rats have an increased proliferation rate as compared to that of BMSCs from control rats. Some studies showed that hyperglycemia and oxidative stress might influence differentiation of mesenchymal progenitors with adipogenesis being favored over osteoblastogenesis [@B16]. In agreement with an earlier observation in mesenchymal progenitors from STZ-induced diabetic rats [@B17], we found that both, *in vivo* hyperglycemia and *in vitro* high glucose treatment, affect osteoblastogenesis of mesenchymal progenitors. Our data demonstrates that the harmful effect of hyperglycemia in mesenchymal progenitors is independent of the extracellular osmolality but is most likely attributed to the impact on cell fate decision of mesenchymal progenitors. Indeed and surprisingly, Notch2 expression levels presented a moderate to strong negative association with the corresponding ALP expression levels (r~s~ = -0.674, *P* \< 0.05) in response to treatments with different concentrations of glucose.

DM is also characterized by accumulation of AGEs. Levels of AGEs are increased in DM patients as a result of chronic hyperglycemia and increased levels of oxidative stress [@B18], and might play a crucial role in the development of bone fragility and related fragility fractures in these patients [@B5]. Yamamoto et al. indicated that serum AGE (pentosidine) levels are positively associated with the presence of vertebral fractures in postmenopausal Japanese women with T2DM [@B19]. Saito et al. found that the degree of mineralization correlates with distinctive patterns of enzymatic and non-enzymatic cross-links in human bone [@B20]. Kume et al. showed that AGEs might lead to *in vivo* loss of MSC mass and to the delay of bone repair by inhibiting the maturation of MSC-derived cells [@B21]. Taken together, accumulation of AGEs in the organic bone matrix by the Maillard reaction should be negatively associated with biomechanical, dynamic, and microarchitectural skeletal properties [@B22]. These data, although limited, would suggest that AGE-distorted collagen likely renders the bone more fragile in DM patients regardless of their bone mineral density (BMD). In the current study, our data did not support the idea that AGEs per se directly affect osteoblastogenesis of mesenchymal progenitors. We found that the AGE-BSA treatment did not result in significantly enhanced ALP expression in RMSC-bm cells, which would metabolize calcium phosphate into insoluble phosphate salts, thereby mediating matrix mineralization [@B23]. As the effects of AGEs presumably vary according to the source of AGEs, the type of cells, and culture conditions, further studies will be required to clarify the details of the mechanism of AGE-mediated control of MSC osteoblastogenesis, particularly studies modeling the *in vivo* microenvironment for the processes of diabetic complications.

Our results revealed that Notch2, instead of Notch1, plays a role in high glucose-induced inhibition of osteoblastogenesis of mesenchymal progenitors. Notch signaling, discovered in *Drosophila,* is well known for its role in cell fate decisions and the development of multiple tissues including bone [@B24]. Notch signaling may interact with other signaling pathways such as BMP and Wnt, the two critical factors known to enhance osteoblastogenesis [@B25],[@B26], to regulate bone homeostasis [@B7]. Although many studies reported that Notch signaling inhibits osteoblastogenesis of mesenchymal progenitors [@B9],[@B27],[@B28], some other studies demonstrated that Notch sensitizes cells of the osteoblastic lineage to the effects of inducers of osteoblastogenesis under selective conditions [@B10],[@B11],[@B29]. Generally, Notch might be required not for the function of mature osteoblasts, but for the differentiation of their mesenchymal precursors [@B28]. Engin et al. further indicated that the conditional deletion of *notch2* would cause a similar developmental phenotype to the dual deletion of *notch1* and *notch2*, which suggests that *notch2* might be the predominant regulator of endochondral bone formation [@B27]. Our data contribute to the debate regarding the role of Notch signaling in osteoblastogenesis of mesenchymal progenitors, supporting that the Notch2, instead of the Notch1, signaling pathway might play a critical role in diabetic bone fragility and related fragility fractures.

Conclusions
===========

Hyperglycemia, instead of AGE, inhibits osteoblastogenesis of mesenchymal progenitors, which might be through activation of the Notch2, instead of the Notch1 or osmotic response, signaling pathway. This fact suggests the possibility of a new therapeutic strategy to treat various diabetic complications including bone fragility and related fragility fractures. As a molecule that might selectively inhibit osteoblastogenesis of mesenchymal progenitors, Notch2 may be expected to be a unique target molecule for the treatment of diabetic complications such as bone fragility and related fragility fractures.
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![Hyperglycemia in STZ-induced diabetic rats is associated with an increased proliferation rate but decreased osteogenic differentiation and matrix mineralization of primary bone marrow stromal cells (BMSCs). (A) Blood glucose levels and (B) HbAlc levels of normoglycemic (control) and diabetic (STZ) rats. Primary BMSCs from control and diabetic rats were harvested, and their cell proliferation rates were determined using the XTT assay (C), COL1 and ALP expression levels in BMSCs from control and diabetic rats were determined using western blotting (D), and matrix mineralization in BMSCs was determined using the ARS staining quantification assay (E). Data are represented as mean ± SEM from three to four independent experiments. \*, *P* \< 0.05 *vs.* control cells. \*\*, *P* \< 0.001 *vs.* control cells.](ijmsv16p0696g001){#F1}

![High glucose treatment presents a dose-dependent inhibitory effect on osteogenic differentiation and matrix mineralization of mesenchymal progenitors. RMSC-bm cells were used as control (5.5 mM), or stimulated with high glucose (15, 25, and 35 mM) for 7 and 14 days. Western blotting was used to determine COL1 and ALP expression levels in RMSC-bm cells (A), β-actin used as an internal control. The ARS staining quantification assay was used to define the extent of matrix mineralization in RMSC-bm cells (B). Data are represented as mean ± SEM from three to four independent experiments. \*, *P* \< 0.05 *vs.* control cells.](ijmsv16p0696g002){#F2}

![The deleterious effects of high glucose treatment on osteogenic differentiation could not be ascribed to the osmotic effect of glucose. RMSC-bm cells were used as control (5.5 mM), or stimulated with (A) high glucose (15, 25, and 35 mM), and (B) normal glucose but high osmotic (5.5 mM glucose + 9.5 mM mannitol, 5.5 mM glucose + 19.5 mM mannitol, and 5.5 mM glucose + 29.5 mM mannitol) for 2, 5, and 7 days. Western blotting was used to determine COL1 and ALP expression levels in RMSC-bm cells while β-actin used as an internal control.](ijmsv16p0696g003){#F3}

![Activation of the Notch2 signaling pathway might play a role in high glucose-induced inhibition of osteogenic differentiation. RMSC-bm cells were used as control (5.5 mM), or stimulated with high glucose (15, 25, and 35 mM) for 2 and 7 days. Western blotting was used to determine Notch1, Notch2, and ALP expression levels in RMSC-bm cells (A), β-actin used as an internal control. RMSC-bm cells were used as control (50 µg/mL), or stimulated with high AGE (100 and 200 µg/mL) for 2 days. Western blotting was used to determine Notch2 and ALP expression levels (B), β-actin used as an internal control. Data are represented as mean ± SEM from three to four independent experiments. r~s~, Spearman\'s rank correlation coefficient. \*, *P* \< 0.05 *vs.* control cells. \*\*, *P* \< 0.001 *vs.* control cells.](ijmsv16p0696g004){#F4}
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